Despite the substantial generic and species-level diversity of the Ambleminae in Mesoamerica, none of this diversity has been incorporated into the phylogeny of the subfamily. As a consequence, our hypotheses of the evolution and ecology of the Ambleminae are intensely geographically biased. We set out to integrate a portion of the Mesoamerican freshwater mussel assemblage into existing hypotheses of amblemine classification and evolution by generating a molecular phylogeny that includes four previously unsampled Mesoamerican genera and nine species endemic to the region (Table 1) . Given the traditionally hypothesized affinity to Nearctic mussels (Frierson, 1927; Haas, 1969a Haas, , 1969b , and the understanding that classification should reflect common ancestry, we predicted that (a) Mesoamerican genera would be recovered as members of the previously recognized tribes of the Ambleminae, and (b) genera would be supported as monophyletic. The phylogeny reported herein does not fully support either of those expectations, and we have applied those results to refine our hypotheses of amblemine classification and evolution.
| MATERIAL AND METHODS

| Taxon and character sampling
Ingroup taxon selection was based on a sample of freshwater mussels from Mexico and Guatemala (Table 1) as well as representation of the recognized tribes of the Ambleminae (Table 2 ; Lopes-Lima et al., 2017; Williams et al., 2017) . The monophyly of the Ambleminae is well supported, but its sister group remains tenuous-we rooted our reconstruction of the Ambleminae with a representative of the subfamily Gonideinae.
Nucleotide characters for phylogenetic analysis were obtained for partial segments of three loci: cytochrome oxidase subunit I (COI), the large subunit of the mitochondrial ribosome (16S), and the large subunit of the nuclear ribosome (28S). Novel DNA sequences were generated using standard PCR and Sanger sequencing methods (see Pfeiffer & Graf, 2013 , 2015 , and previously published sequences were obtained from GenBank (https://www.ncbi.nlm.nih.gov/genbank/) ( Table 2) .
| Phylogenetic analyses
Consensus sequences were aligned in mesquite v 3.10 (Maddison & Maddison, 2016 ) using muscle (Edgar, 2004) . Uncorrected p-distances of the concatenated loci and COI individually were measured in mega v 7.0.16 (Kumar, Stecher, & Tamura, 2016) . partitionfinder v2.1.1 (Lanfear, Frandsen, Wright, Senfeld, & Calcott, 2016) was used to find the best partitioning scheme of five possible subsets (three subsets for COI and one for each 16S and 28S) and the best GTR model of nucleotide substitution using the AICc selection criterion and the greedy search algorithm. Maximum likelihood (ML) analyses were implemented in raxml v 8.2.8 (Stamatakis, 2014) using the best partitioning scheme and model of nucleotide evolution with 1,000 rapid bootstraps. Bayesian inference (BI) was performed using mrbayes v 3.2 (Huelsenbeck & Ronquist, 2001; Ronquist & Huelsenbeck, 2003) using the best partitioning scheme and model of nucleotide evolution with 20 million generations sampling every 1,000 trees and a burnin of 5,000. Convergence of the two runs was monitored by the average standard deviation of split frequencies, the potential scale reduction factor (PSRF) and effective sample size (ESS) of the estimated parameters. We employed a topological constraint to test the monophyly of the Mesoamerican lampsilines using a Shimodaira-Hasegawa test (S-H; Shimodaira & Hasegawa, 1999) and Bayes factors (Kass & Raftery, 1995; Nylander, Ronquist, Huelsenbeck, & Luis, 2004) .
We performed these same methods on an identical dataset that also included Plectomerus dombeyanus (COI -AY655011; 16S -AY655057). We did not include T A B L E 1 Mesoamerican freshwater mussel genera and species analysed herein. Taxonomy and geographic ranges largely follow the Integrated Taxonomic Information System (https://www.itis.gov/) and the MUSSEL Project Database (http://mussel-project.net/) Graf and O' Foighil (2000) , Roe (2013) , Graf and Cummings (2006) (Continues)
Plectomerus in the original matrix because there is no reliable 28S sequence and the available mitochondrial data appears insufficient to robustly recover the taxon's tribe-level position (Campbell & Lydeard, 2012; Campbell et al., 2005; Chapman et al., 2008; Lydeard, Mulvey, & Davis, 1996) . Nevertheless, we included this additional dataset and analyses to explicitly describe the unstable phylogenetic position of Plectomerus and discuss its problematic classification in the tribe Lampsilini.
| RESULTS
The combined matrix of three loci (COI + 16S + 28S) was composed of 44 terminal individuals (36 species and 28 genera, a priori) and 1582 aligned nucleotide positions. Each terminal was represented by all three loci and 36 terminals were non-chimeric (81%). We generated 87 novel DNA sequences (19 COI, 34 16S, 34 28S), including 50 from Mesoamerican taxa, and the remainder were obtained from previous studies (Table 2 ). All novel sequences have been deposited in GenBank (MK001756-MK001842). The following partitioning scheme and models of nucleotide evolution were implemented in the BI analysis: COI_1 = GTR + G, COI_2 = F81 + G, COI_3 = GTR + G, 28S = GTR + G, 16S = GTR + G. Maximum likelihood analyses followed the same partitioning scheme, but GTR + G was used for each partition. Convergence of the BI runs was supported by the average deviation of split frequencies (0.00196), average PSRF values (1.000), and high ESS values (>2678.87). The phylogeny recovered from the BI analysis (our reference topology), including posterior probabilities (PP) and ML bootstrap values (BS), is shown in Figure 1 . Phylogenetic analyses recovered four independent lineages of Mesoamerican freshwater mussels distributed across much of the phylogenetic diversity of the Ambleminae. Frierson, 1927 . This Mesoamerican and Rio Grande clade was the sister group to the tribe Lampsilini. The shallow clade of the six nominal Psoronaias and Psorula species had a mean uncorrected pdistance of 0.313% in the concatenated loci (min -0.0%, max -0.652%). The mean uncorrected p-distance for COI only in the Psoronaias/Psorula clade was 0.163% (min -0.0%, max -0.488%). Table 3 describes the variation in nodal support for the tribes of the Ambleminae as a function of the inclusion or exclusion of Plectomerus in phylogenetic analysis.
| DISCUSSION
Contrary to our predictions, several Mesoamerican genera were not monophyletic nor could they all be assigned to the currently recognized tribes of the Ambleminae. Our phylogeny of the Ambleminae recovered four independent lineages of Mesoamerican freshwater mussels. Psoronaias, Psorula and Popenaias (Figure 1 ). We recognize the latter clade as a fifth tribe of the Ambleminae attributable to the Popenaiadini Heard & Guckert, 1970 . We briefly discuss each of the four recovered Mesoamerican clades and their tribe-level positions. The Mesoamerican genera Psoronaias and Psorula share several conchological similarities with the Nearctic genera Quadrula Rafinesque, 1820 and Cyclonaias Pilsbry in Ortmann & Walker, 1922 , including a circular shell outline and strongly sculptured shell discs (Figure 2) . Because of these similarities, Psoronaias and Psorula have historically been considered members of the tribe Quadrulini (Haas, 1969a (Haas, , 1969b Modell, 1942 Modell, , 1964 Starobogatov, 1970) , although Psoronaias has also been attributed to the Pleurobemini (Heard & Guckert, 1970; Starobogatov, 1970) . Despite these conchological similarities, Psoronaias and Psorula were not resolved as part of the Quadrulini-they were recovered in a distantly related clade, along with Popenaias popeii, that represents the sister group to the Lampsilini (Figure 1 ). The tribe Quadrulini is apparently represented in Mesoamerica by only one geographically widespread genus, Megalonaias.
We recovered two independent Mesoamerican lineages in the Lampsilini: one represented by the genus Pachynaias and the other by C. explicata/S. microdon. These three Mesoamerican taxa formed a paraphyletic grade sandwiched between several Nearctic lineages (Figure 1) . The Pachynaias and C. explicata/S. microdon clades exhibit characteristics typical of the Lampsilini (discussed further below) including a modified marsupium that extends ventrally in comparison to the rest of the demibranch and (slightly) sexually dimorphic shells (Figure 3) . Although several Mesoamerican genera have been considered lampsilines on the basis of shell or soft anatomy (Graf & Cummings, 2007; Lopes-Lima et al., 2017) , their relationships within the tribe remains unexplored. The suprageneric relationships of the sampled Mesoamerican and Nearctic lampsilines were generally poorly supported (Figure 1 ), but there is strong evidence against the monophyly of the Mesoamerica lampsiline lineages in our BI analysis (BF = 486.54). However, the monophyly of the Mesoamerican lampsilines could not be rejected in the ML reconstruction (p > 0.05). Based on morphological characteristics and the current classification, we predict that further sampling of Mesoamerican taxa will recover additional independent Mesoamerican lampsiline lineages (e.g., Potamilus, Truncilla).
We were able to include multiple species of only one Mesoamerican lampsiline genus, Cyrtonaias, and we can clearly reject its monophyly. Cyrtonaias explicata was nested deeply within the Lampsilini and very closely related to S. microdon, whereas Cyrtonaias tampicoensis was recovered in its customary position as one of the earlier diverging lineages of the Lampsilini. The obvious polyphyly of Cyrtonaias requires taxonomic revisions, but undertaking those changes are beyond the data available here. More comprehensive sampling of the Lampsilini species of Mesoamerica is necessary to formally revise these taxa.
The fourth Mesoamerican clade recovered in our phylogeny contains six of the ten nominal Mesoamerican species included in this study. The sequenced specimens are morphologically identifiable to six recognized species in two genera (Table 1; Figure 2 ), but they exhibit unexpectedly low genetic diversity. Despite the morphological disparity of these sympatric taxa (all individuals were collected from just three sites in the same drainage), they are, for all intents and purposes, genetically indistinguishable in our analyses. The average pairwise COI uncorrected p-distance among those terminals, 0.163%, was less than our expectations for interspecific variation in amblemines (Pfeiffer, Johnson, Randklev, Howells, & Williams, 2016; Pfeiffer, Sharpe, Johnson, Emery, & Page, 2018) and below the general DNA barcode cut-off to delimit species (Hebert, Cywinska, & Ball, 2003) . Our sampling from those species and genera was neither geographically nor taxonomically comprehensive (Table 1) , and, as such, our conclusions are necessarily limited. Nevertheless, our topology does suggest that the generic-and species-level diversity of this clade is overestimated. We predict that further sampling in the Psoronaias/Psorula clade will confirm the artificiality of applying the apparent overabundance of nomina for this molecularly shallow clade. In the end, the 15 currently recognized Psorula and Psoronaias species (all but three of which are described from the Usumacinta Drainage) may all belong to a single genus and species-the oldest available name for the group appears to be Psoronaias semigranosa (Philippi, 1843).
Freshwater mussels are well-known for their conchological plasticity but the level of sympatric morphological variation and the apparent lack of any corresponding molecular diversity in this clade is extreme (Figure 2) . While this is an interesting phenomenon worth pursuing, it is beyond the results presented here. The remainder of our discussion will focus on how this uniquely Mesoamerican and Rio Grande clade demonstrates that the current tribe-level classification of the Ambleminae is inadequate to explain Mesoamerican freshwater mussel suprageneric diversity. The subfamily Ambleminae is consistently divided into four more or less morphologically cohesive tribesAmblemini, Quadrulini, Pleurobemini and Lampsilini. This four-tribe system has only been realized since the application of molecular phylogenetics (Campbell et al., 2005; Davis & Fuller, 1981; Graf, 2002; Lydeard et al., 1996) , which has yet to incorporate any Mesoamerican representatives. As such, the tribes of the Ambleminae are primarily recognized by nucleotide synapomorphies of Nearctic taxa and perhaps a diagnostic combination of otherwise homoplastic characters (Campbell et al., 2005; Graf & Cummings, 2006; LopesLima et al., 2017) . The clear exception to the morphological ambiguity of the tribes of the Ambleminae is the Lampsilini.
The Lampsilini is characterized by a suite of morphological characters including (a) ventral expansion of the marsupium relative to the rest of the demibranch, (b) restriction of the marsupium to only a portion of the outer demibranch, (c) larvae released through ventral pores in the marsupium, (d) posterior mantle modifications for host infection, (e) ascending lamellae of the inner demibranch completely attached to the visceral mass and (f) sexually dimorphic shells (Campbell et al., 2005; Chapman et al., 2008; Davis & Fuller, 1981; Fuller, 1975; Graf & Cummings, 2006; Heard & Guckert, 1970 Ortmann, 1912; Zanatta & Murphy, 2006) . However, as described in several of these studies, not all of these characters are present in all lampsilines, and therefore as a whole they cannot be used to unambiguously diagnose the tribe. That said, one character, ventral expansion of the marsupium relative to the rest of the gill, does diagnose the most recent versions of the Lampsilini (Lopes-Lima et al., 2017; Williams et al., 2017 -excluding Plectomerus which is discussed below). If our goal as systematists is to develop a predictive and useful classification of recognizable freshwater mussel lineages rather than to construct an esoteric taxonomy of nucleotide changes, then this character is of critical importance to the recognition of the Lampsilini and its sister group (see below), as well as the classification and evolution of the Ambleminae more broadly.
Our analyses have discovered a newly identified clade of freshwater mussels endemic to Mesoamerica and the adjacent Rio Grande drainage comprised of the genera Psoronaias, Psorula, and Popenaias. We recognize this Mesoamerican and Rio Grande clade as the sister group to the Lampsilini because the morphological characteristics of the animals prohibit their inclusion in that tribe. None of these Mesoamerican or Rio Grande taxa have a marsupium capable of ventral expansion. Nor do they have any of the other characteristics typical of many lampsilines-no mantle modifications for host infection, shells are not obviously sexually dimorphic, they are not ectobranchous, the marsupium is not restricted to the posterior portion of demibranch, and the ascending lamella of the inner demibranchs are not completely attached to the visceral mass (UF 507899, UF 507901, UF 164058, UF 164066, UF 438749, UF 438742). That is, this clade does not have the characteristic traits of the tribe Lampsilini and, thus, they are not lampsilines-they are the sister group to the Lampsilini. The tribe name Popenaiadini Heard & Guckert, 1970 is available, and we propose it be applied to this newly identified and morphologically divergent clade. Given this new framework, we can utilize these morphological characters and previous classifications to predict that other taxa in the genera Barynaias, Disconaias, Micronaias, Martensnaias, Nephritica, Nephronaias and Sphenonaias are also likely to be representatives of the Popenaiadini. However, it appears that several of these "genera" are nonmonophyletic with some of their "congeners" apparently belonging to tribes other than the Popenaiadini. For example, some Nephronaias species appear to be Popenaiadini (e.g., Nephronaias aeruginosa) while others appear to be lampsilines (e.g., Nephronaias aztecorum var. chapalanus).
Despite the apparent obviousness of the Lampsilini in nature, the tribe is often not robustly supported as monophyletic in molecular phylogenetic analyses. Taxonomically inclusive phylogenies of the Ambleminae have frequently failed to resolve a monophyletic Lampsilini-especially those that have included the monotypic Nearctic genus Plectomerus (Lydeard et al., 1996; Campbell et al., 2005; Campbell & Lydeard, 2012 ; but see Chapman et al., 2008) . Despite not possessing any of the typical lampsiline morphological characteristics, phylogenetic analyses of mitochondrial data often recover Plectomerus nested within the taxa traditionally considered lampsilines. Based on these results, many systematists have recently included Plectomerus in the Lampsilini (LopesLima et al., 2017; Williams et al., 2017) . The classification of Plectomerus as a lampsiline is in broad disagreement with several aspects of its morphology, including brooding larvae in all four demibranchs, lacking ventral expansion of the marsupium, and the ascending lamella of the inner demibranchs are not completely connected to visceral mass (Ortmann, 1912; Williams, Bogan, & Garner, 2008) .
Our phylogenetic analyses including Plectomerus also failed to recover a monophyletic Lampsilini, and again, the Lampsilini was rendered paraphyletic with respect to Plectomerus: ((Cyrtonaias + Glebula), (Plectomerus, (the rest of Lampsilini))). However, there is little molecular support for these supraspecific relationships, and the unstable tribe-level position of Plectomerus is clearly reflected in the eroded nodal support of four of the five tribes of the Ambleminae (Table 3 ). The classification of Plectomerus remains problematic, but to continue classifying Plectomerus among the Lampsilini requires disregarding the morphological cohesiveness of one of the most recognizable suprageneric clades of the Unionidae. We consider Plectomerus as incertae sedis among the Ambleminae.
| CONCLUSIONS
This revised classification is a useful hypothesis that more completely recognizes the suprageneric diversity of the Ambleminae, but the classification of the Mesoamerican fauna remains largely incomplete. In addition to the many species and genera yet to be analysed, our results have demonstrated-yet again-that the relationships among the amblemine genera are difficult to resolve with 28S and mitochondrial DNA, even though those characters have been the standard for analysis for the last two decades. We look forward to future additions of taxa and characters that will provide a different perspective on our results. At this time, we will limit our conclusions to what we have falsified.
We can reject the hypothesis that all Mesoamerican amblemine genera are monophyletic as currently classified. Our sampling was sufficient to demonstrate that the classification of Cyrtonaias, Psoronaias and Psorula is broken, but it is inadequate to provide the basis for a fix. We have achieved progress mostly by identifying an unappreciated problem in need of a solution. We also can reject the hypothesis that all the Mesoamerican amblemine genera can be classified in the four tribes previously identified for Nearctic amblemines. At least three of the five tribes of the Ambleminae are represented in Mesoamerica: Quadrulini (e.g., Megalonaias), Lampsilini (e.g., Pachynaias and Cyrtonaias/Sphenonaias) and Popenaiadini (e.g., Popenaias, Psoronaias/Psorula).
